Abstract: Glutaraldehyde is a potential sensitizer and has been implicated in the literature as a cause of respiratory irritation and asthma among health care workers. In order to evaluate the effect of work practices and general ventilation system on employees' peak exposure to glutaraldehyde, 42 breathing zone personal air samples were taken in five hospitals. In addition, work practices were observed and recorded during the course of sampling and were classified into three categories. Presence of local or general ventilation system, air change per hour, and quantity of glutaraldehyde used were also recorded. Geometric mean concentration of all samples was 0.025 ppm (GSD=3.05). Statistical analysis indicated that work practice was the most important factor affecting the level of exposure to glutaraldehyde. In locations where "poor" or "unsafe" work practices were employed, the geometric mean concentrations were much higher (GM=0.05, GSD=2.11 and GM 0.08, GSD=1.52, respectively). The result has indicated higher prevalence of headache and itchy eyes among employees who worked where unsafe work practices were observed. Employing proper work practices can significantly reduce exposure to glutaraldehyde among health care workers. It has been recently proposed that the current occupational exposure limit of 0.2 ppm shall be reduced to either 0.1 or 0.05 ppm in the province of Québec (Canada). In this case, it is likely that concentration levels higher than these levels be experienced in some workplaces. Therefore, it is imperative that employers initiate necessary corrective action immediately.
Introduction
Glutaraldehyde-based products are typically used in hospitals and clinics as cold sterilants to disinfect and clean heat-sensitive medical devices such as surgical instruments, bronchoscopes, endoscopes, and ear, nose, and throat instruments. Glutaraldehyde (C 5 H 8 O 2 ; CAS 111-30-8) is a dialdehyde that is slightly acidic and in a buffered alkaline solution is a highly effective microbacterocidal agent. Glutaraldehyde is marketed either as 1-2% activated or as an acidic solution that has to be activated prior to use 1) . Typically, medical devices are soaked in an activated solution of glutaraldehyde for a specified period of time depending on the active ingredient and concentration. Soaking may be done using a "soaking basin", a plastic or stainless steel container, filled with the glutaraldehyde solution. Certain types of instruments, such as endoscopes, are often cleaned in an automatic washing/disinfection machine. The glutaraldehyde solution may be reused; that is, a series of medical devices may be soaked and removed. The exhausted solution is changed every two to four weeks depending on reuse life. Members of the various health care occupations who may be exposed to glutaraldehyde include nurses, assistant nurses, technicians and other skilled professional workers such as inhalation therapists, etc. Exposure may result from direct accidental contact with the aqueous solution arising from splashes or droplets or from atmospheric vapors released during preparation of solution or disinfection activity.
It has been reported that exposure to glutaraldehyde can cause irritation to skin, respiratory tract, and eyes with sensitizing potential 2) . Glutaraldehyde exposure is also associated with various nasal, respiratory, and ocular symptoms Industrial Health 2007, 45, [289] [290] [291] [292] [293] [294] [295] and headache [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Exposure to glutaraldehyde has been shown to reduce FVC and FEV 1 among current and ex-employees 12, 13) . Allergic contact dermatitis and asthma have been reported among health care professionals from occasional or incidental occupational exposure to glutaraldehyde 11, [14] [15] [16] . As most of the adverse health effects from exposure to glutaraldehyde are related to its irritation and sensitization effects, its recommended that occupational exposure standards are ceiling values. Currently, the threshold limit value (TLV) for the ceiling concentration of glutaraldehyde recommended by the American Conference of Governmental Industrial Hygienists is 0.05 ppm 17) . In the province of Québec (Canada), the ceiling limit is 0.2 ppm 18) . This limit, however, is under review for future reduction to 0.1 or 0.05 ppm 19) . The vapor pressure of a common 2% glutaraldehyde solution-based disinfectant is 0.0012 mmHg at 20°C 1) . The odor recognition level for glutaraldehyde is 0.04 ppm. Eye and respiratory irritation are noted at different concentration levels depending on individual sensitivity. Glutaraldehyde often produces asthmatic reaction in sensitized people when airborne exposures are below or near the limit of detection of the test method or below the occupational exposure limit of 0.05 ppm 14, 16, 20) . The author has observed employees who had no symptoms at levels in the range of non-detectable to 0.05 ppm, but complained two years later while glutaraldehyde concentration and other environmental conditions remained unchanged. Previous exposure evaluations to glutaraldehyde have shown that proper ventilation systems and the use of automated washing systems can reduce the level of exposure 4, 9, 12) . It should be noted that minimal quantities of glutaraldehyde are used in the majority of locations within hospitals and clinics, where only general ventilation is provided.
It has been suggested that work practices may play a significant role in the overall exposure of health care workers to glutaraldehyde vapors 9, 13) . A wide range of inappropriate work practices among these personnel may result in an increased risk of exposure to glutaraldehyde vapors. The present study aims to investigate the effects of employee work practices on personal exposure to glutaraldehyde and work related symptoms among exposed health care workers.
Materials and Methods
A series of air samples were taken in the breathing zone of health care workers in five hospitals (Québec, Canada) over a two-year period. These health care workers were working in 19 locations within the hospitals. These locations were in units dedicated to endoscopy, cyctoscopy, and bronchoscopy, a pulmonary function laboratory, an ophthalmology clinic, colon and rectal clinics, ultrasound and medical imaging, operating theaters, and central supply rooms. The local threshold limit value for glutaraldehyde was a ceiling limit (TLV-C). Therefore, a specific task "solution changeover" was selected for sampling, since it was expected to cause the highest level of exposure 9) . This task involved disposing of the exhausted solution and preparing and pouring the new solution into the soaking containers. In most locations at least two sampling surveys were conducted during the two-year period, and in each survey usually one sample was taken from the employee in charge of the solution changeover. SKC personal sampling pumps (SKC,224-PC-XR4, SKC Inc. PA USA) were used. Air samples were taken from the breathing zone of employees by drawing a known volume of air through an open-face air-monitoring cassette containing two glass fiber filters, each of which is coated with 2,4-dinitrophenylhydrazine and phosphoric acid. Using a primary standard calibrator (AccuFlow SKC Inc. PA USA), the pumps were calibrated before and after each sampling. Samples were taken over a 5-to 15-min period and a sampling rate of 1 to 2.5 lmin -1 was used in order to obtain a minimum 15 l sample volume. The filter cassettes were shipped to the analytical laboratory in an insulated container using Blue ice immediately after sampling. The sample filters were extracted separately with acetonitrile and analyzed by HPLC using a UV detector by the IRSST laboratory (AIHA accredited laboratory) according to method #283-1 equivalent to OSHA method # 64 21, 22) . The limit of detection of the overall procedure was 0.268 µg or 18 µg/m 3 (4.2 ppb). This method showed reliable results and was recommended for exposure assessment in previous industrial hygiene surveys 23) . Adequate numbers of field blanks were submitted to the analytical laboratory with each unit's samples for any corrections needed.
The presence or absence of a general ventilation system was verified during the course of a walk-through survey. Information regarding the number of air changes provided by the general ventilation system was obtained from each hospital's building services department. The quantity of glutaraldehyde solution used, use of personal protective equipment, presence or absence of glutaraldehyde odor in the area prior to sampling and while the solution was being changed, was recorded. An experienced industrial hygienist observed the work practices while a trained technician conducted the air sampling. The observed work practices in each survey were classified into one of the three categories: "Appropriate", "Poor" and "Unsafe" according to the following criteria:
A. Appropriate work practices: use of protective gloves and safety glasses; running water in the sink prior to disposal of exhausted solution; pouring exhausted and fresh solution gently; avoiding splash and spill or any unnecessary agitation of the solution; disposing all contaminated linen and paper towels properly to minimize vapor generation; B. Poor work practices: leaving containers uncovered when not in use; inappropriate storage or disposal of glutaraldehyde contaminated linen and paper towels during the course of the session; 'excessive' release of glutaraldehyde vapor and droplets during vigorous decanting and disposal; causing droplets around the containers or on surfaces; C. Unsafe work practices: employing poor practices as defined above plus causing spills on surfaces (e.g., counters, floors, etc.) during any part of the task; leakage of solution from containers due to lose caps or lids, cracks, etc. Health care personnel who were responsible for handling glutaraldehyde and also those with potential exposure to glutaraldehyde who worked in the same location were interviewed. Personnel were asked about previous incidents and accidents involving glutaraldehyde, occurrence of spills, use of personal protection equipment, and symptoms they may have experienced during the preceding 12 months prior to the sampling day.
Statistical analysis of the data was performed by Minitab statistical software (MINITAB Inc., Stata College, PA, Version 10 Extra). Half of the value of the detection limit for the overall procedure was used for undetectable samples (0.0022 ppm). Natural logarithm of data was undertaken because it has been shown that data of this type are log-normally distributed 12, 24) . Logarithms of each value were then used for the calculation of geometric mean and geometric standard deviation for concentration values. Nonparametric test of significance (Mann-Whitney) was performed due to the nonnormal distribution of concentration data. Using logtransformed concentration values, Pearson correlation was performed for number of air changes per hour and amount of solution used. Similar statistical analysis was performed on original concentration values using Spearman rank order correlation. One-way analysis of variance (ANOVA) was used to test the difference between geometric mean concentrations for three work-practice categories. Probability value p<0.05 was considered significant. Probability value 0.1>p>0.05 was considered borderline of statistical significance.
Results
Nineteen different locations in five hospitals were investigated. Forty-two personal samples were taken and 53 health care personnel were interviewed (Table 1) . Twentytwo samples were taken where the work practices were classified as "Appropriate" according to the definition given in Materials and Method, whereas, 15 and 5 samples were taken where the work practices were classified under "Poor" and "Unsafe" categories, respectively. A two percent solution of glutaraldehyde was used in all locations. None of the locations had specialized local ventilation systems to capture glutaraldehyde vapors at the source. In two locations, automatic washers/disinfectors were used, however, a local exhaust system was not provided when solution changeover was done Thirty four (34/42) samples were taken in locations where the general ventilation system provided between 2 to 15 air changes per hour. The highest numbers of air changes were in the operating rooms. Eight samples were taken in locations where no mechanical ventilation system existed. The type of container for the glutaraldehyde solutions for manual disinfection varied among locations. The most common container was rectangular with a lid and having a capacity ranging from 2 to 10 l. Containers holding up to 16 l of glutaraldehyde solution, however, were used for automatic machines.
Nitril or latex gloves were used by the majority of health care workers to protect hands from direct skin contact when working with glutaraldehyde. Only 15% of personnel used face protection. Personnel in two units used respiratory protection. This equipment, however, was not suitable for protection against glutaraldehyde vapors. Almost 50% of workers (26/53) reported at least one incident involving dermal exposure to glutaraldehyde. Nine employees (17%) reported at least one incident of a minor spill when changing the solution in the 12 months preceding the sampling day. Three out of 42 samples (7%) contained undetectable amount of glutaraldehyde. The concentration levels for detectable samples ranged between 0.005 ppm to 0.15 ppm. The geometric mean concentration for all samples was 0.025 ppm with a geometric standard deviation of 3.45. The geometric means, geometric standard deviations and other statistical parameters for samples based on their work-practice category are demonstrated in Fig. 1 . Geometric mean concentration increased from 0.012 ppm for appropriate work practices to 0.05 ppm and 0.08 ppm for poor and unsafe work practices, respectively. The results of one-way ANOVA on log-transformed data indicated a significant difference between geometric mean exposure levels among three work-Industrial Health 2007, 45, [289] [290] [291] [292] [293] [294] [295] practice categories (p<0.001) (Fig. 1) . The result of the correlation analysis did not show any correlation between concentration data with the number of air changes per hour (r=0.03, p>0.1), neither with the quantity of solution used. (r= -0.02, p>0.1) ( Table 2 ). In addition, there was no statistically significant difference between geometric mean concentrations of samples taken in locations with general ventilation (GM=0.027 ppm GSD 3.6) and those without general ventilation (GM=0.025, GSD=3) (Mann-Whitney p>0.1). Table 3 shows the summary of the results of interviews with 53 health care workers during the course of the environmental investigation. The most prevalent symptoms were itchy eyes (42%), burning eyes (39%) and headache (22%). When the symptoms reported by employees were arranged for three work-practice categories, the higher proportions of symptoms were identified by 10 employees in locations in which unsafe work practices were observed. This trend was more obvious for headache and burning eyes.
Discussion
This study found levels of exposure to glutaraldehyde up to 0.15 ppm, below the current Québec occupational exposure limit of 0.2 ppm. However, with the new proposal to reduce occupational exposure limits of glutaraldehyde to 0.1 ppm or perhaps to 0.05 ppm in Québec, non-compliance situations will be expected, in particular, if local ventilation systems are not used and proper work practices are not employed. In this study, exposure levels sometimes exceeded 0.05 ppm, the threshold limit values recommended by the ACGIH 17) . This study further showed levels of exposure comparable to earlier reports from British and Australian investigators 12, 13) . Leinster et al. 9) reported concentration levels as high as 0.04 ppm during changeover of glutaraldehyde solutions. Pisaniello et al. 12) investigated levels of concentration of glutaraldehyde in 26 hospitals in Australia and reported an overall geometric mean of 0.032 for personal samples and 0.008 ppm for area samples with relatively high GSD ranging from 3 to 3.6. The results of this study have shown a lognormal distribution of data plus high variability of concentration values. A lower variability was found when a smaller set of values for unsafe work practices was analyzed separately.
Levels of glutaraldehyde exposure were significantly different for the three categories of work practices. Although the results are based on a small number of samples, they clearly highlight the effect of work practices in personal inhalation exposure levels. The effect of work practices on the level of exposure to glutaraldehyde, although indicated in the literature, was not explored adequately. If appropriate work practices are used while handling glutaraldehyde, the level of exposure will be less likely to exceed occupational exposure limits even when there is no local ventilation system. Likewise, when poor and unsafe work practices are used, the level of exposure is likely to exceed the occupational exposure limits even if small quantities of solution are used and a high-capacity general ventilation system is present. Glutaraldehyde spills during various tasks, in particular during solution changeover, is the main cause of exposure to vapors. Niven et al. 23) reported that increased use of automatic and semi-automatic washer/disinfection machines has reduced the potential for exposure to glutaraldehyde vapors, but increased the incidence of reported spills when compared with manual methods. These authors also reported from a series of experiments by creating floor spills using 2% and 50% glutaraldehyde solutions exposure levels of between 0.01 ppm and 1.4 ppm. In addition, they noted an increased concentration of glutaraldehyde with increasing surface area of spilled liquid. In the current study, in the five samples where a spill or splash occurred, much higher levels of exposure were recorded. The highest recorded level of exposure was 0.15 ppm after a spill of almost 250 ml of glutaraldehyde solution, which the worker cleaned up with paper towels. The effectiveness of a local ventilation system in reducing levels of exposure to glutaraldehyde has been shown in the past 12) . Glutaraldehyde, however, continues to be used in hospitals and clinics in areas where a local ventilation system is not provided. Owing to the cost of installation and maintenance of a dedicated local ventilation or vapor control system, hospitals and clinics have usually relied upon a general ventilation system to remove escaping vapors from the small amounts of glutaraldehyde that are typically used in these environments. The suppliers of glutaraldehydebased products also emphasize the use of their solutions in well-ventilated areas with at least 10 Air change per hour (ACH). The results of this study have shown that the general ventilation system, regardless of its capacity, would not be able to control levels of exposure to glutaraldehyde at least for the solution changeover task. Exposure to glutaraldehyde occurs in a short period of time when the operator is located between the source of contamination and ceiling exhaust. It should be also noted that with the exception of operating rooms, in most locations within hospitals and clinics, a certain percentage of air exhausted by the general ventilation system is recirculated back to the building indoor space. In general, because glutaraldehyde is an irritant and sensitizer with the ability to trigger adverse health effects shortly after exposure, the general ventilation system should not be considered as an appropriate method for exposure control.
Interviews with the personnel for glutaraldehyde exposure are also indicative of the effect of work practices in the prevalence of various respiratory, ocular, and nasal symptoms. The prevalence of symptoms reported here is comparable with the findings of Pisaniello 12) . In this study, however, control non-exposed subjects were not included since the objective was to compare the prevalence of symptoms for the three categories of work practices for those who were exposed only. Large number of symptoms among employees with exposure levels less than 0.2 ppm (ceiling OEL of the province of Québec) further supports the need to reduce the current occupational exposure limits in Québec.
A potential limitation of this study was the fact that glutaraldehyde concentrations over a shorter averaging time could not be determined. The work procedure for highlevel disinfection by glutaraldehyde requires several minutes during which time several tasks may be performed simultaneously. Each of these tasks may lead to distinct exposure events that may result in exposure values higher than a 15-min weighted average concentration 13) . OSHA method # 64 provides a 15 min weighted average concentration while the occupational standards for glutaraldehyde are ceiling values. Preferably, a direct reading instrument equipped with a data logger is required in order to identify the true peak exposure while the above work procedures are performed. It has been reported in earlier studies that the use of a direct reading instrument results in systematic errors 13, 23) . The use of a more sensitive and specific instrument can readily identify the specific task that can have the highest contribution to the overall exposure even during a relatively short task.
It may be argued that factors affecting exposure levels to glutaraldehyde could have been determined more precisely by using random effect ANOVA or multiple regression analysis. However, the number of air change (ACH) by general ventilation systems and quantity of glutaraldehyde used did not show any association with exposure levels when simple correlation was performed. Thus, using these variables in a multivariate model could not have provided any useful information. In addition, given the small number of observations multivariate statistical analysis of data could not have resulted in a meaningful inference. It was not possible to explore the association between peak concentration and symptoms and adjusting the results for various variables such as smoking, experience, co-exposure and number of hours worked in the units due to the limited number of observations and the lack of non-exposed controls.
Several procedural deficiencies related to work practices and the use of personal protective equipment were observed and documented during the course of this survey. These work practices are prone to generate splashes, droplets, and vapor release with the potential to affect the eye, skin, mucous membranes, and respiratory tract. Work practices can have a significant effect on the personal exposure of health care workers to glutaraldehyde. Employing proper and safe work practices by trained employees can reduce exposure level to glutaraldehyde.
Contrary to what many health care workers may expect, the use of general ventilation regardless of its capacity cannot reduce the glutaraldehyde exposure level even if a small quantity of glutaraldehyde is used. As indicated by previous investigations, the most effective method for minimizing inhalation exposure is by enclosing the process and exhausting the contaminated air.
With respect to symptoms reported by health care personnel with exposure levels below the current Québec OEL, it is imperative that the newly proposed ceiling limit of 0.05 ppm be considered by the local regulatory agencies. In conclusion, it appears that when glutaraldehyde is used as a disinfectant in the health sector, exposure levels in excess of the newly proposed Québec occupational exposure standard occurs with commonly used exposure control methods. Effective communication with the health care sector and adequate training should be provided by the regulatory agencies prior to reducing the exposure standard. This would enhance the ability of health care facilities to comply with the new standard.
Monitoring levels of glutaraldehyde exposure is difficult as a peak exposure standard is defined for this irritant substance. There is, however, no device or method with sufficient specificity for glutaraldehyde capable of determining peak exposure. Since glutaraldehyde continues to be widely used as a disinfectant and sterilant, particularly in developing countries, monitoring equipment and methods need to be improved to better assist occupational hygienists in assessing levels of exposure.
